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In the follicle cell (FC) epithelium that surrounds the Drosophila egg, a complex set of cell signals specifies two cell fates that pattern the
eggshell: the anterior centripetal FC that produce the operculum and the posterior columnar FC that produce the main body eggshell structure. We
have previously shown that the long-range morphogen DPP represses the expression of the bunched (bun) gene in the anterior-most centripetal
FC. bun, which encodes a homolog of vertebrate TSC-22/GILZ, in turn represses anterior gene expression and antagonizes Notch signaling to
restrict centripetal FC fates in posterior cells. From a screen for novel targets of bun repression we have identified the C/EBP homolog slow
border cells (slbo). At stage 10A, slbo expression overlaps bun in anterior FC; by stage 10B they repress each other's expression to establish a
sharp slbo/bun expression boundary. The precise position of the slbo/bun expression boundary is sensitive to Notch signaling, which is required
for both slbo activation and bun repression. As centripetal migration proceeds from stages 10B–14, slbo represses its own expression and both
slbo loss-of-function mutations and overexpression approaches reveal that slbo is required to coordinate centripetal migration with nurse cell
dumping. We propose that in anterior FC exposed to a Dpp morphogen gradient, high and low levels of slbo and bun, respectively, are established
by modulation of Notch signaling to direct threshold cell fates. Interactions among Notch, slbo and bun resemble a conserved signaling cassette
that regulates mammalian adipocyte differentiation.
© 2007 Elsevier Inc. All rights reserved.Keywords: Drosophila oogenesis; Notch signaling; TSC-22/GILZ familyIntroduction
Pattern formation in a developmental field requires cells to
sense their position and develop accordingly. Extracellular
morphogen signals can direct cell fates in a concentration
dependent manner (reviewed in O'Connor et al., 2006). Graded
levels of morphogens can specify threshold cell fates in adjacent
cell domains in part by cross repression among transcription
factors activated at high and low levels of the morphogen
gradient (reviewed in Ashe and Briscoe, 2006). One outcome of
the genetic interactions that occur as threshold cell fates form is
the establishment of regions of reduced cell mixing at the edge of⁎ Corresponding author. Division of Molecular Biology and Biochemistry,
School of Biological Sciences, University of Missouri-Kansas City, Kansas City,
MO 64110, USA. Fax: +1 816 523 5995.
E-mail address: dobensl@umkc.edu (L. Dobens).
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.02.013cell fate domains (Irvine and Rauskolb, 2001; Lawrence and
Struhl, 1996;McNeill, 2000). Cell fate boundaries were detected
first in genetic cell marking experiments in the Drosophila wing
(Garcia-Bellido et al., 1973, 1976; Morata and Lawrence, 1975)
and have since been recognized in diverse tissues, including the
dorsal and ventral regions of the Drosophila wing and in the
somites, rhombomeres, and limb bud of vertebrates (reviewed in
Wolpert, 2003). A role for Notch signaling in maintaining
differences in both cell fates and cell affinities during cell fate
boundary formation has been posited (Major and Irvine, 2005;
reviewed in Schweisguth, 2004).
We have shown previously that the Drosophila bunched
(bun) gene is required to establish a cell fate boundary in the
ovary (Dobens et al., 1997, 2000). bun is a member of the
GILZ/TSC-22/bun family of molecules that share a conserved
leucine zipper and DNA binding motifs and have diverse
developmental roles (D'Adamio et al., 1997; Dobens et al.,
Fig. 1. Model of bun function in the follicle cells during late oogenesis. (A) Dpp is expressed in the nurse cell FC and represses bun expression in adjacent centripetal
migrating FC. (B) bun antagonizes Notch activity in anterior FC, including the nurse cell FC and centripetal FC. A359 is a reporter gene active in the centripetal FC
that is a target of bun repression.
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et al., 1995). GILZ mediates glucocorticoid (GC) differentiation
of several adult tissues including GC-induced protection of
lymphocytes from apoptosis and GC-induced apoptosis in
thymocytes (Asselin-Labat et al., 2004; Ayroldi et al., 2001,
2002; D'Adamio et al., 1997; Mittelstadt and Ashwell, 2001;
Riccardi et al., 2001). In mice, the GILZ paralog TSC-22 is
widely expressed at sites of epithelial–mesenchymal interac-
tions (Dohrmann et al., 1999; Kester et al., 2000) and in chick
feather buds, TSC-22 expression is both activated by ectopic
Epidermal Growth Factor and repressed by Bone Morphoge-
netic Protein (BMP4, Dohrmann et al., 1999). In mammalian
cell culture, TSC-22 is activated by receptor kinases and steroid
hormone signals and functions to restrain or promote cell
growth, depending on the cell line assayed (Gupta et al., 2003;
Kester et al., 1997; Ohta et al., 1997; Rae et al., 2000;
Shibanuma et al., 1992, 1993; Shostak et al., 2003). Knock-
down of Xenopus TSC-22 (XTSC-22) results in epiboly defects
associated with excessive cell proliferation, indicating that
XTSC-22 functions to coordinate cell division with morpho-
genesis (Hashiguchi et al., 2004).
bun phenotypes reflect a similar complexity in function
during fly development. bun was identified in screens for
mutations that disrupt embryonic peripheral nervous system
development and is required for brain morphogenesis and wing
margin patterning. During photoreceptor formation, bun inter-
acts with EGF, WG and DPP signaling pathways (Kania et al.,
1995; Treisman et al., 1995). In the ovary, bun is regulated by
opposing EGF and DPP signals. bun functions in part by
antagonizing Notch signaling in the anterior follicle cell (FC) to
establish a boundary of FC fates between cell domains that
produce distinct specializations of the anterior eggshell
including the operculum, the collar and the dorsal appendages
(reviewed in Berg, 2005; Fig. 1, Dobens et al., 2000, 2005).
Notch is required for the differentiation of several FC
subtypes during oogenesis. Notch encodes a highly conservedsingle-pass transmembrane receptor that in several tissues is
activated by the ligands Serrate and Delta. Notch activation
results from a series of specific proteolytic cleavages that release
an active intracellular domain of the Notch protein (NICD),
which directly regulates target gene expression (Artavanis-
Tsakonas et al., 1999; Schweisguth, 2004). The paradigm for
Notch signaling is lateral inhibition, where changes in levels of
ligand and receptor in adjacent cells are reinforced by signaling
to single out one or a small group of cells from a larger field
(Lieber et al., 2002; Pan and Rubin, 1997; Poodry, 1990;
Seugnet et al., 1997). During early oogenesis, Notch ligands in
the germ line activate Notch in the overlying follicle cells
(Lopez-Schier and St Johnston, 2001) whereas during late
oogenesis, Notch and ligands are co-expressed in anterior FC
subgroups (Bender et al., 1993; Dobens et al., 2005; Xu et al.,
1992). We have shown that bun represses Serrate and Delta
expression in posterior FC (Dobens et al., 2005) that coincides
with a boundary of Notch activation in the centripetal FC.
Here we demonstrate that the gene slow border cells (slbo,
Montell et al., 1992), which encodes a Drosophila C/EBP
homolog, is a target of both Notch activation in anterior FC and
bun repression in posterior FC and is required for proper
centripetal migration. We propose that coordinate activities of
bun, slbo and Notch in establishing FC fates closely resemble
the roles proposed for their corresponding mammalian homo-
logues – GILZ, C/EBP and Notch, respectively – in regulating
cell fate choices during adipogenesis (Shi et al., 2003) and
hence may represent a conserved signaling cassette acting
during metazoan tissue differentiation.
Materials and methods
Drosophila strains
The stocks Nts1, bun6903, bun4230, pP[ryVM32E(-112/-39)-lacZ] and UAS-
bun1 have been described previously (Cavaliere et al., 1997; Dobens et al.,
1997, 2000; Treisman et al., 1995; Xu et al., 1992). UAS-fng was a gift from
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Matthias Wernet and Claude Desplan (Mollereau et al., 2000) and P{bun-GAL4}
X23 was a gift of Jae Suh and John Graff (Suh et al., 2006). The stocks
P{UAS-GAL4.H}24, P{GAL4-slbo.2.6}1206 (slbo2.6GAL4), slbory7cn1/CyO,
slbo01310/CyO (Montell et al., 1992; Spradling et al., 1999) and P{UAS-Nintra}
(Rebay et al., 1993) were obtained from the Bloomington Stock Center. The
stocks (1) slbo2.6-actinGFP, (2) slboe7, P{neoFRT}42D slbory8ex2d, (3) hsFLP1;
w[1118]; sn hsFLP1, (4) P{neoFRT}42D P{Ubi-GFP(S65T)nls}2R/CyO, (5)
UAS-slboLZmut and (6) UAS-slbo were gifts from Pernille Rorth (Montell et al.,
1992; Rorth, 1994; Rorth et al., 1998).
Generation of mitotic clones and flip-out clones
Production of clones was performed as before (Dobens et al., 2000). Flip-out
clones indicated in the text as actin5C>GAL4 clones were created using the
stocks (1) y1 w; P{w[+mC]=AyGAL4}25 P{w[+mC]=UAS-GFP.S65T}T2 or
(2) y[1] w[⁎] P{w[+mC]=GAL4-Act5C(FRT.CD2).P}D (Ito et al., 1997;
Pignoni and Zipursky, 1997) in females of the relevant genotype. Clones were
induced with 30–60 min heat shock at 37 °C 2 days prior to dissection.
Tissue preparation, histochemical and immunofluorescence staining
Ovaries were dissected, fixed and stained for β-galactosidase activity or
immunostained as previously described (Dobens et al., 1997). We used mouse
anti-MYC (1:100; Oncogene Science; Uniondale, NY); rabbit anti-β-galacto-
sidase (1:50,000 following extensive preadsorption to ovarian tissue; Cappell,
West Chester, PA); anti-DCAD2 (1:200, Oda et al., 1993); anti-Discs large and
anti-Armadillo (Parnas et al., 2001; Riggleman et al., 1990). Confocal images
were collected on a Zeiss LSM 510 and analyzed on LSM Image Examiner
software. DIC and darkfield images were collected on a Nikon TE-2000 with
attached Colorview camera and Analysis image acquisition software, or a Nikon
TE-2000 with a Sutter filter wheel, Roper Cascade 512 BFT camera and
Metamorph Image acquisition software. Figures were prepared using Photoshop
CS.
Results
slow border cells is a target of bun repression required for
centripetal migration
We have shown previously that bun antagonizes Notch
signaling to establish a boundary of FC fates in the ovary (Fig. 1,
Dobens et al., 2005). To identify candidate targets of bun
repression in the FC, we performed a bunGAL4 gain-of-function
screen for direct or indirect targets of bun repression (see
supplemental data) and focused on two candidates with known
roles in eggshell patterning: mirror, which encodes a PBX-class
homeoprotein (McNeill et al., 1997; Zhao et al., 2000), and slow
border cells (slbo), which encodes a CAAT enhancer binding
protein (C/EBP, Montell et al., 1992; C/EBP, Rorth andMontell,
1992). Here we describe the relationship between bun and slbo;
our tests of bun interactions with mirror will be published
separately (Raftery and Dobens, in preparation).
From stages 8–14, slbo is expressed during border cell
migration (Figs. 2A–C and 4A,B), a process previously shown
to be sensitive to both weak slbo mutations and overexpression
of slbo protein (examples in Figs. 5E and 6C, respectively,
Montell et al., 1992; Rorth and Montell, 1992; Rorth et al.,
2000). slbo has also been detected in the centripetally migrating
FC prior to centripetal migration (centripetal FC, Figs. 2C,D,F).
Levels of slbo-lacZ and slbo2.6>UAS-GFP reporters subse-
quently decrease in the centripetal FC from stages 11–14 (Figs.5B–D and 2F–I; discussed below), however GFP expression is
more stable in these cells (data not shown) and marks centripetal
FC associated with the operculum following their migration
(Fig. 2I; counterstained with anti-DCAD2). slbo and slbo
reporters are also expressed transiently in the posterior FC at
stage 10 (not shown and Montell et al., 1992).
We compared the expression of slbo to bun by using the
slbo2.6GAL4 driver, which includes an upstream portion of
the slbo promoter fused to the GAL4 gene and recapitulates
slbo expression pattern both in the border cells, the centripetal
FC and a group of posterior FC (not shown), but not in the
polar cells (Rorth et al., 2000). As can be seen in Fig. 2F, at
stage 10 slbo is expressed in centripetal FC adjacent to, but
not overlapping, bun-expressing cells in the columnar FC.
This pattern of expression led us to examine more closely
slbo interactions with bun (Fig. 3). At stage 9, bun-lacZ
shows a graded pattern of expression in columnar FC adjacent
to cells that will form the centripetal FC (Fig. 3A, Dobens et
al., 1997). The slbo reporters we tested were not active at
stage 9, so we used UAS-GAL4 in combination with
slbo2.6GAL4 to boost UAS-GFP reporter gene expression at
stage 9. From this we detected a graded expression of slbo
complementary to bun at stage 9 (Fig. 3B). slbo2.6GAL4;
UAS-GAL4 expression is retained in these posterior cells
and overlaps bun-lacZ at stage 10 (Fig. 3C). This outcome
indicates that the onset of low levels of slbo expression is
initially broad in anterior FC and subsequently is refined to
1–2 cell widths corresponding to the centripetal FC. By late
stage 10, the wild type expression patterns of bun and slbo
sharpen further so that slbo levels are slightly reduced in
posterior-most centripetal FC, which directly contact bun-
expressing cells (filled arrowhead Fig. 2F).
To test whether interactions between BUN and SLBO
establish this pattern, we produced actin5C-expressing FLP-out
clones of UAS-slbo in posterior FC. In 33 of 35 actin5CGA-
L4>UAS-slbo FLP-out clones (here and below we use the “>”
symbol to indicate the driver) located in the columnar FC at
stage 10 and marked with UAS-GFP, we observed cell
autonomous repression of bun-lacZ (Fig. 3D). We noted other
defects in FC clones overexpressing SLBO: early large clones
appeared blocked at vitellogenesis and late clones were small
and scattered, exhibiting defects in FC nuclear morphology
(data not shown). In contrast, a leucine zipper mutant version of
the SLBO protein had no effect on bun-lacZ expression at stage
10 (11/11 clones; Fig. 3E) or egg chamber morphology at any
stage (not shown).
Because bun is required to limit centripetal FC gene
expression, we examined slbo expression in actin5CGA-
L4>UAS-bun1 expressing clones recovered in the slbo expres-
sion domain. This class of clones was sufficient to repress slbo-
lacZ expression in the centripetal FC in a cell autonomous
manner (5/5 clones total; Fig. 3F). The opposite effect occurred
in large bunmutant clones that contact the centripetal FC where
we observed increased levels of the reporter gene fusion
slbo2.6-actinGFP (Fig. 3G). We conclude that bun and slbo are
sufficient to repress each other's expression to define FC fates in
the forming centripetal FC.
Fig. 2. slbo is expressed in centripetal FC adjacent to bun-expressing cells. (A,B) slbo-lacZ expression from enhancer trap occurs in the migratory border cell from
stages 9–14 (white arrow). Genotype: slbo10318/CyO. (C,D) At stage 10B, slbo01310 expression can be detected in the centripetal FC (optical cross section in panel C
and surface view in panel D). Genotype: slbo10318/CyO. (E) bun-lacZ expression (bun4230) occurs in posterior FC and is strictly excluded from the centripetal FC at
stage 10 (arrowhead). Genotype: bun4230/CyO. (F) slbo2.6GAL4>GFP expression (green) in centripetal FC occurs in a pattern complementary to bun-lacZ in posterior
FC (red). Filled arrowhead shows cell with reduced levels of slbo expression. Genotype: slbo2.6GAL4,UAS-GFP/bun4230. (G) At stage 12, slbo2.6GAL4>GFP
expression persists in centripetal FC that spread to cover the anterior of the egg chamber (counterstained with anti-DE-cadherin, red). Genotype: slbo2.6GAL4,
UAS-GFP. (H,I) At stages 13 (H) and 14 (I) when nurse cell dumping is complete, slbo2.6GAL4>GFP expression remains strong in centripetal FC that produce the
operculum (op) and weaker expression is seen in a subset of dorsal appendage FC (da; counterstained with anti-DE-cadherin, red). Panels G–I were collected under
identical confocal settings. Genotype: slbo2.6GAL4,UAS-GFP.
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revealed that ectopic slbo2.6-actinGFP expression was slightly
reduced in mutant bun cells in contact with wild type cells
(black arrowhead, 3H). This pattern of slbo expression is
consistent with: (1) late slbo-lacZ expression which is reduced
in cells adjacent to bun-expressing cells (Fig. 2F), and (2) the
previous requirement we have shown for bun in antagonizing
Notch activity in bun mutant cells adjacent to wild type cells
(Dobens et al., 2005).
The centripetal FCs spread to cover the anterior of the egg in
a manner that is intimately coordinated with nurse cell dumping
(Figs. 4A,B, Dobens et al., 2000). While the weak alleles of
slbo that we examined (slbo01310 and slbory7) showed a
completely penetrant border cell migration defect (similar to
the phenotype of strong alleles seen in Fig. 4C), the completion
of centripetal migration in these weak allelic combinations is
superficially normal resulting in normal anterior eggshell
structures including the collar and operculum (100%; n=180;
not shown). In contrast, the four allelic combinations of
intermediate strength that we examined (slbo01310 and slbory7
in combination with null alleles slbory8ex2d and slboe7b) resulted
in variable defects in centripetal migration (Figs. 4C–E). For
example, in 30% (n=240) of slbo01310/slbory8ex2d egg chambers
the centripetal FC were misaligned at stage 10 and posterior FCshowed evidence of thickening and pinching inward (Fig.
4C). At later stages, the failure of centripetal migration to
coordinate with nurse cell dumping associated with mis-
aligned centripetal FC resulted in phenotypes that ranged
from cup-shaped egg chambers with no dumping (Fig. 4D) to
smaller egg chambers resulting from incomplete dumping or
small growth (Fig. 4E).
The variable effects of viable slbo alleles on centripetal
migration led us to examine the effect of the protein null allele
slbory8ex2d in FC clones (Figs. 4F–J). Prior to stage 10B, small,
scattered FC clones of slbory8ex2d appear to rearrange properly
to form the columnar and nurse cell FC subgroups when stained
with antisera specific to either Discs-large or DE-cadherin (Figs.
4F and I). As previously reported (Niewiadomska et al., 1999),
we observed reduced levels of DE-cadherin in dorsal-anterior
slbory8ex2d mutant clones at stage 10 (data not shown). Late
anterior slbo mutant clones show increased DE-cadherin levels
leading to tearing of the nurse cell FC/nurse cell complex (Fig.
4G, cross section in left panel; n=30) and failure of centripetal
migration to coordinate with nurse cell dumping resulting in a
common elongated anterior end egg chamber phenotype (Fig.
4H, cross section in left panel; n=14). Similarly, only later
stage egg chambers with large anterior slbory8ex2d clones
showed reduced levels of DLG (Fig. 4J; n=5), a PDZ-domain
Fig. 3. slbo and bun repress each other's expression at stage 10. (A) bun expression at stage 9 occurs at high levels in posterior FC and in a gradient across the forming
centripetal FC (bar). Genotype bun4230. (B) At stage 9, slbo2.6GAL4>UAS-GFP;UAS-GAL4 boosts stage 9 GFP expression in a broad set of cells highest in the
centripetal FC and lower in posterior columnar FC (bar; counterstained with anti-DE-cadherin, red). Genotype: slbo2.6GAL4, UASGFP; UAS-GAL4. (C) At stage 10,
slbo2.6GAL4>UAS-GFP;UAS-GAL4 expression is retained in posterior FC and overlaps bun4230. Genotype: slbo2.6GAL4, UASGFP/bun4230; UAS-GAL4. (D–D″)
FLP-out actin5C>GAL4 expression of UAS-slbo (D′, green) is sufficient to repress bun-lacZ (red) in a cell autonomous fashion (arrow, D″). Genotype: hsFLP1/
actin5C>CD2>GAL4; UAS-slbo/bun4230; UAS-GFP. (E–E″) FLP-out actin5C>GAL4 expression of the leucine zipper mutant UAS-slboLZmut (E′, green) has no
effect on bun-lacZ (red) expression (arrow, E″). Genotype: hsFLP1/actin5C>CD2>GAL4; UAS-slboDNBLZmut/bun4230; UAS-GFP. (F–F″) FLP-out overexpression
of UAS-bun1 (F′) is sufficient to repress slbo-lacZ expression (F) in the centripetal FC (arrow, overlay, F″). Genotype: hsFLP1/actin5C>CD2>GAL4; UAS-
bun1/slbo01310; UAS-GFP. (G–G″) bun4230 mutant clone located in columnar FC and visualized by absence of MYC marker (red, G′) results in ectopic
slbo2.6-actinGFP visualized by accumulation of GFP expression (green, (G); white arrowhead marks cell in contact with bun+ cells with reduced slbo
expression). Genotype: hsFLP1; bun6903 FRT40A/NMyc FRT40A;slbo2.6-actinGFP. (H–H″) Magnified bun clone boundary from G″ (box) shows slightly
reduced levels of slbo2.6-actinGFP (white arrowhead) in bun mutant cells that contact bun WT cells (black arrowhead).
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Fig. 4I). Reduced levels of DLG indicate a loss of apico-basal
polarity in these slbory8ex2d clones and dlg mutations are
associated with defects in FC organization associated withepithelial invasiveness (Goode and Perrimon, 1997; Goode et
al., 2005). We conclude that slbo modulates DLG and DE-
cadherin levels required for proper centripetal FC migration and
nurse cell dumping.
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centripetal migration
In the course of examining the effect of slbo alleles of
intermediate strength on centripetal FC migration, we noticed
that wild type slbo expression in the centripetal FC (detected by
lacZ expression of the slbo01310 enhancer trap) is initially high
at stage 10 and subsequently decreases as these cells spread tocover the anterior egg chamber (Figs. 5A–D; all egg chambers
stained in parallel). By stage 14, wild type slbo-lacZ expression
is nearly undetectable in the centripetal FC, a group of cells
difficult to distinguish as they make close contact with the
border cells that retain strong slbo-lacZ expression (arrow, Fig.
5D). slbo2.6>UAS-lacZ shows a similar expression pattern (not
shown). slbo2.6>UAS-GFP expression also decreases during
centripetal migration but GFP expression is more stable than
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the centripetal FC following migration (Figs. 2G–I and data not
shown). In WT egg chambers, slbo-lacZ expression in the
border cells remains high from stages 9 to 14 (Figs. 5A–D;
border cells circled in all panels).
In contrast to decreasing expression of slbo-lacZ seen in wild
type centripetal FC (Figs. 5A–D), slbo mutant egg chambers
retained strong slbo-lacZ expression in the centripetal migrating
FC from stages 10–14 (Figs. 3E–H). The null slbo allele
slbory8ex2d transheterozygous to the weak slbo-lacZ reporter
allele slbo01310 resulted in initially increased slbo-lacZ expres-
sion at stage 10 compared to slbo01310/+ expression in egg
chambers stained in parallel (Figs. 5A,E; cf. insets of nuclear β-
galactosidase protein accumulation in each). In slbo mutant egg
chambers, increased centripetal FC expression of slbo-lacZ
persisted throughout the process of centripetal migration so that
by stage 14, disorganized centripetal cells retain strong lacZ
expression (Figs. 5F–H). Increased slbo-lacZ phenotypes were
completely penetrant in slbo01310/slbory8ex2d egg chambers at
stage 10 (100%; n=190) and were observed in slbo01310/slbo-
egg chambers as well (data not shown). In contrast, levels of
border cell expression of slbo-lacZ in slbo01310/slbory8ex2d and
slbo01310/slboe7b egg chambers appeared comparable to WT
from stages 8–14 when stained in parallel (cf. circled border
cells in Figs. 5A–D and E–H).
To test whether slbo regulates its own expression in the
centripetal FC, we took several approaches. First we examined
the effect of slbo null clones on the slbo2.6 reporter gene.
Posterior clones of slbory8ex2d showed no increase in slbo-lacZ
expression at stage 10a (Fig. 5I; n=12), and small clones in the
centripetal FC showed no aberrant slbo expression at this stage
(n=5). By stage 10b (Fig. 5J), posterior clones showed increased
slbo-lacZ expression in some cells (Fig. 5J; n=4). At later
stages, large clones were associated with egg chamber collapse
(Fig. 5K) and strongly misexpressed slbo-lacZ (Figs. 5K–M).
Late stage egg chambers with scattered slbory8ex2d clones were
collapsed with fragmented epithelia and exhibited strong
misexpression of slbo-lacZ specifically in slbory8ex2d clones
(Fig. 5L; n=10). We observed also a class of egg chambers that
were reduced in size with elongated anterior and posterior ends
(Fig. 5M; n=5). We conclude that slbo is required in the
centripetal FC at stage 10 to repress its own expression andFig. 4. slbo is required for centripetal migration. (A,B). In slbo01310/+ heterozygous a
cells (cm, arrows) from stage 11 (arrows, A) to stage 14 (B) when centripetal mi
transheterozygous slbo01310/slbory8ex2d flies that combine the slbo enhancer trap allel
including a failure of centripetal cells to properly align (C, stage unclear) and defects
shaped eggs with torn anterior nurse cell FC epithelia (D, stage unclear) and small egg
slbo01310/slbory8ex2d. (F–J) Clonal analysis of the null allele slboex2. Egg chambers are
sectional view on the left reveals the progress of centripetal migration, the center panel
lack GFP expression (green) counterstained for DLG or E-cad (red). Genotype: hsFL
for slboex2 allele show no defect in FC rearrangements at stage 10 as revealed by E-C
of DE-Cadherin. In this egg chamber of indeterminate stage, centripetal migration has
FC and nurse cells have torn away (arrowhead). (H) An example of a large anterior slb
FC (GFP, right panel). This egg chamber of indeterminate stage reveals a characteristi
of centripetal migration to coordinate with nurse cell dumping in cross-sections (lef
mutant for slboex2 allele show no defect in FC rearrangements at stage 10a as revealed
large anterior slboex2 clones at stage 10a, large clones show decreased accumulationsubsequently slbo is strongly required in the main body FC to
repress slbo-lacZ expression and maintain epithelial integrity.
In a second test of slbo autoregulation, we misexpressed
SLBO in the centripetal FC using the FLP activated driver and
observed a decrease in the expression of slbo-lacZ in a cell
autonomous fashion (7/7 clones; Fig. 6A). In contrast,
misexpression of the SLBO leucine zipper mutant had no effect
on slbo-lacZ expression in the centripetal FC (9/9 clones, Fig.
6B). Notably, in a single FLP-out clone misexpressing SLBO
recovered in the border cells we observed both a block of border
cell migration and cell autonomous reduction of slbo expression
(5 of 5 cells in the single border cell clone for which a cross
section is shown in Fig. 6C). These data indicate that slbo is
sufficient to repress its own expression both in the border cells
and centripetal FC.
To misexpress SLBO more widely in the centripetal FC, we
used the slbo2.6GAL4 driver (Rorth et al., 2000). slbo2.6GAL4
driving expression of UAS-slbo was sufficient to reduce
expression of both slbo-lacZ and slbo2.6>UAS-GFP (not
shown) as well as the centripetal FC reporter gene pP
[ryVM32E(-112/-39)-lacZ], a promoter fusion derived from
the VM32E gene (Figs. 6D,E, Cavaliere et al., 1997). slbo2.6-
GAL4>UAS-slbo disrupted border cell migration at high
penetrance, as previously reported (not shown, Rorth et al.,
2000) but its effects on centripetal migration were more subtle.
In 60/80 stage 9 slbo2.6GAL4>UAS-slbo egg chambers, we
observed variable defects in the rearrangement of anterior FC to
form the nurse cell FC (not shown). Despite these early defects
in FC rearrangement and effect on centripetal FC gene
expression (Fig. 6E and not shown), most slbo2.6GA-
L4>UAS-slbo females formed eggshell structures with normal
operculum features. However, a few late stage slbo2.6GA-
L4>UAS-slbo egg chambers (10/120) showed defects in nurse
cell dumping, centripetal migration and the formation of
anterior eggshell features including the dorsal appendages
(Fig. 6F). This class of defects was never seen in slbo2.6GA-
L4>UAS-GFP controls. The infrequency with which slbo2.6-
GAL4>UAS-slbo centripetal FC defects occurred is consistent
with the notion that SLBO damps down its own driver in this
tissue. We conclude that slbo is necessary and sufficient to
repress its own expression and that slbo autorepression is
critical for proper centripetal migration.nimals the progress of centripetal migration is revealed by slbo-lacZ expressing
gration is complete (da, dorsal appendages). Genotype: slbo01310/+. (C–E) In
e with a null slbo allele, egg chambers exhibited defects in centripetal migration
in the coordination of FC invagination with nurse cell dumping resulting in cup-
s (E, stage 13 judged by presence of dorsal appendages, white arrow). Genotype:
stained for DE-cadherin (E-cad; F–H) or Discs large (DLG; I,J); for all, a cross-
shows surface view, and the right panel reveals the location of mutant clones that
P1; FRT42 slbory8ex2d/FRT42 UbiGFP. (F) Small scattered clones of FC mutant
ad accumulation. (G) Large anterior slboex2 clones show increased accumulation
apparently occurred prior to nurse cell dumping and the anterior-most nurse cell
oex2 clone that includes the nurse cell FC and the dorsal centripetal and columnar
c ‘schmoo’-shaped elongated phenotype (center panel) accompanied by a failure
t panel; arrowhead shows nurse cell contents). (I) Small scattered clones of FC
by DLG accumulation. (J) While no change in DLG accumulation is detected in
of DLG at stage 10b.
Fig. 5. slbo is necessary to repress its own expression during centripetal migration. (A–H) Autorepression of the slbo01310 enhancer trap. All egg chambers were
stained in parallel. (A–D) slbo-lacZ expression seen in slbo01310/+ is first visible in the centripetal FC at stage 10 (A, arrow; inset shows β-galactosidase accumulation
in a pair of centripetal FC) and as centripetal migration proceeds, slbo expression decreases to undetectable levels by stage 14 (B–D). From stages 7–14, expression in
the border cell (circled, all panels) persists. Genotype: slbo01310/+. (E–H) slbo01310/slbory8ex2d transheterozygotes show increased lacZ activity compared to slbo01310/+
egg chambers. (E) At stage 10, the initial onset of slbo-lacZ expression is higher in the mutant (compare β-galactosidase accumulation in stage 10 insets shown in
panels A and E stained in parallel). (F–H) Increased lacZ expression persists in mutant centripetal FC throughout migration. In this weak allelic combination,
increased lacZ expression is seen in egg chambers with aberrant (H) and normal (G) centripetal migration. Genotype: slbo01310/slbory8ex2d. (I–M) Examination of
slbo-lacZ expression in slboex2 mutant clones. Genotype: hsFLP1; FRT42D slbory8ex2d/FRT42D UbiGFP; slbo2.6GAL4/UAS-lacZ. (I) At stage 10a, slbo-lacZ
expression shown in red (left panel) shows no increase in small, scattered posterior clones of slboex2 tissue (no GFP, right panel). (J) At stage 10b, ectopic posterior
expression of slbo-lacZ occurs in some slboex2 cells within a large clone (no GFP, right panel). (K) Scattered slboex2 clones result in cell autonomous slbo-lacZ
expression throughout the main body FC epithelium. These egg chambers collapse and the epithelium is folded here (arrowhead is positioned at estimated nurse cell/
columnar FC boundary). Egg chambers are difficult to stage but based on location in the ovary are judged to be stage 11–14. (L) Blow up of anterior of egg chamber
in panel K (box). Ectopic slbo-lacZ (arrow, red) is associated with slboex2 mutant cells (no GFP, arrow, green). (M) Large mutant clone (no GFP visible) results in
small egg with expanded lacZ expression (red) at the poles of the egg chamber.
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Fig. 6. slbo is sufficient to repress its own expression during centripetal migration. (A) FLP-out actin5C>GAL4 expression of UAS-slbo (right panel, green) in small
scattered FC clones represses slbo-lacZ expression (red) in a cell autonomous manner in most centripetal FC (arrow). Genotype: hsFLP1/actin5C>CD2>GAL4;
slbo01310/UAS-slbo;UAS-GFP. (B) FLP-out actin5C>GAL4 expression of the leucine zipper mutant UAS-slboLZmut occurs in large clones (green, outlined) and has
no effect on slbo-lacZ expression (red, arrow). Genotype: hsFLP1/actin>CD2>GAL4; slbo01310/UAS-slboDNBLZmut;UAS-GFP. (C) Rare actin5C>GAL4 FLP-out
clones expressing UAS-slbo (right panel, green) in the border FC both blocked border cell migration and led to cell autonomous reduction of slbo-lacZ expression
(arrow). Genotype: hsFLP1/actin>CD2>GAL4; slbo01310/UAS-slbo;UAS-GFP. (D,E) slbo2.6GAL4> overexpression of UAS-slbo in the centripetal FC led to
reduction of centripetal FC gene expression including slbo-lacZ expression (not shown) and expression of the marker gene pP[ryVM32E(-112/-39)-lacZ] (compare E
to D). Genotype in (E): slbo2.6GAL4, UAS-GFP/UAS-slbo; pP[ryVM32E(-112/-39)-lacZ]. (F) slbo2.6GAL4>UAS-slbo egg chambers showed defects in centripetal
migration in late stages (staged by presence of dorsal appendages (da) in a significant number of stage 14 egg chambers (33%, n=202) compared to slbo2.6GAL4>
controls (0%, n=344).
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Notch signaling has diverse functions in oogenesis and at
late stages is required to pattern the anterior eggshell (Bender et
al., 1993; Xu et al., 1992). In a Notchts mutant shifted to the
restrictive temperature for 24 h, the centripetal FC fail to align at
the nurse cell/oocyte boundary resulting in defects in centripetal
migration and cup-shaped eggs (Dobens et al., 2005; Xu et al.,
1992). Because these phenotypes closely resemble slbo mutant
phenotypes (Figs. 4C,D,G,H), we tested the requirements of
Notch for slbo and bun expression. In Nts egg chambers shifted
to the restrictive temperature for 24 h, slbo-lacZ and slbo2.6-
GAL4 (not shown) reporter gene expression patterns were
strongly reduced in the centripetal FC (cf. Figs. 7A and B). As
well, border cell expression in Nts; slbo-lacZ egg chambers was
reduced and border cell migration was incomplete (Fig. 7B).
Reduced slbo expression in the centripetal FC of Nts egg
chambers led us to test whether ectopic expression of bun
occurs in these cells at the same time. As can be seen comparing
Figs. 7D to E, Nts; bun6903/+ egg chambers showed low butdetectable bun-lacZ expression in the centripetal FC held at the
restrictive temperature for 24 h.
Together these data indicate that activation of slbo and
repression of bun expression in the centripetal FC requires
Notch signaling. To further test this, we boosted Notch
signaling in the centripetal FC cells using slbo2.6GAL4 to
drive high levels of the intracellular portion of the Notch
receptor in these cells (UAS-Nintra, Rebay et al., 1993).
slbo2.6GAL4>UAS-Nintra resulted in strongly increased
expression of slbo-lacZ (not shown), slbo2.6GAL4>UAS-GFP
(Fig. 7G; compare to wild type in 2F) and the reporter pP
[ryVM32E(-112/-39)-lacZ] (cf. Figs. 7H and I) in centripetal FC
at stage 10. Unexpectedly, slbo2.6GAL4>UAS-Nintra led also
to ectopic expression of these reporters in a broad population of
anterior columnar FC (Figs. 7G,I). While the numbers of
anterior columnar FC that misexpressed slbo or pP[ryVM32E
(-112/-39)-lacZ] varied from egg chamber to egg chamber (not
shown), ectopic expression occurred only in FC groups that
retain contact with the centripetal FC, resulting in a ‘ragged’
edge to this expanded domain of slbo expression (Figs. 7G,I).
Fig. 7. Notch activity sets a boundary of gene expression in anterior FC. Arrowheads show boundary between centripetal and columnar FC in all panels. (A) Wild type
slbo-lacZ expression. Genotype: slbo1310/CyO. (B) Nts egg chambers shifted to the restrictive temperature for 24 h show reduced slbo-lacZ expression in the
centripetal FC and in the border cells. Genotype Nts; slbo01310/CyO. (C) In panel Nts; slbo1310/slbo1310 shifted to the restrictive temperature for 24 h and stained in
parallel with egg chambers shown in panel B, slbo-lacZ expression levels in the centripetal FC, main body FC and border cells are similar to levels in wild type animals
bearing two copies of the enhancer trap insertions (not shown). Genotype Nts; slbo01310/slbo01310. (D) Wild type bun-lacZ expression. Genotype: bun4230. (E) Nts;
bun-lacZ females shifted to the restrictive temperature exhibit ectopic bun expression in the centripetal FC at stage 10. Genotype Nts; bun6903/CyO. (F) FLP-out
actin5C>GAL4 expression of the UAS-Nintra (right panel, green) in small scattered FC clones represses bun-lacZ expression (red) in a cell autonomous manner in
most columnar FC (arrow, left panel). Genotype: hsFLP1/actin>CD2>GAL4; bun4230/UAS-Nintra;UAS-GFP. (G–N) slbo2.6GAL4>Nintra effects on gene
expression, FC rearrangements and eggshell formation. Genotype: slbo2.6GAL4,UAS-GFP/UAS-Nintra. (G) slbo2.6GAL4>UAS-Nintra egg chambers show strongly
increased levels of GFP in both the centripetal FC and anterior columnar FC in contact with the centripetal FC (arrowhead) to form a ragged edge of expression shifted
to posterior FC. Follicle cell shapes shown by Armadillo staining (red). Genotype: slbo2.6GAL4,UAS-GFP/UAS-Nintra. (H,I) slbo2.6GAL4>UAS-Nintra led to
increased expression of the slbo target gene pP[ryVM32E(-112/-39)-lacZ] (I) compared to WT expression (H). Genotype in (I): slbo2.6GAL4,UAS-GFP/UAS-Nintra;
pP[ryVM32E(-112/-39)-lacZ]. (J) In slbo2.6GAL4>UAS-Nintra egg chambers, bun-lacZ is repressed in anterior FC in contact with the centripetal FC in a
complementary, raggedly edge pattern (cf. wild type bun expression in 6D). Genotype: UAS-Nintra/bun4230; slbo2.6GAL4. (K) slbo2.6GAL4>UAS-Nintra egg
chambers show ectopic slbo2.6 expression (GFP, green) that co-localizes with increased accumulation of DE-cadherin (red; overlay right panel). Genotype for K–N:
slbo2.6GAL4,UAS-GFP/UAS-Nintra. (L) Blow up from boxed area shown in 7K indicates GFP-positive nucleus (arrow, green) that has increased cytoplasmic DE-
cadherin accumulation (arrow, red). (M,N) slbo2.6GAL4>UAS-Nintra eggshells have anterior defects including reduced, split dorsal appendages (N) and no
operculum (M).
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expression in anterior FC and consistent with this, we observed
both cell autonomous increases in accumulation of DE-cadherin
in these cells (Figs. 7K,L) and a complementary repression of
bun expression in this domain (Fig. 7J). Small FLP-out ac-
tin5CGAL4>UAS-Nintra clones recovered in posterior colum-
nar FC at stage 10 also were sufficient to repress bun-lacZ
expression in a cell autonomous fashion (Fig. 7F). slbo2.6GA-
L4>UAS-Nintra led also to: (1) precocious slbo expression at
stage 9 in both nurse cell FC and centripetal FC precursors (notshown), (2) variable posterior misexpression of slbo-lacZ (not
shown) and VM32E reporter (Fig. 7I) and (3) disruption of the
formation of anterior structures at stage 14, including the dorsal
appendages and operculum (Figs. 7M,N). Notably, slbo2.6-
GAL4>UAS-Nintra had no effect on levels of Armadillo protein
(Fig. 7G).
The opposing effects of Notch and bun on dynamic slbo
expression in the centripetal FC led us to examine their epistatic
relationships in two ways. Using the UAS binary system,
slbo2.6GAL4 co-expression of UAS-bun1 and UAS-Nintra led
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alone (not shown), indicating that within the limits of this
approach BUN1 is not sufficient to block Nintra activation of
the slbo2.6GAL4 driver. While bun is necessary and sufficient
to repress slbo (Fig. 3), Notch does not appear to directly
activate slbo expression: while Nts; slbo01310/+ showed strong
reduction of lacZ expression at the restrictive temperature (7B),
unexpectedly Nts; slbo01310/slbo01310 egg chambers stained in
parallel showed lacZ levels equivalent to slbo01310/slbo01310
egg chambers (Fig. 7C, Montell et al., 1992; Fig. 7C, Rorth et
al., 2000). These observations are consistent with the ideas that
bun antagonizes Notch activity non-cell autonomously and
Notch blocks slbo auto-repression of slbo-lacZ in the centripetal
FC (see discussion and Fig. 8B).
Discussion
We have previously shown that bunched refines a DPP
activity gradient by antagonizing Notch signaling to establish
the posterior edge of the operculum-forming centripetal FCFig. 8. Model for bun and slbo interactions in the anterior FC. (A) Summary of interac
expression in the centripetal FC. Subsequently, at stage 10a, bun and slbo repress eac
proceeds from stages 10b-12, slbo levels decrease. (B) SLBO and BUN regulate each
and GILZ during adipogenesis (Shi et al., 2003). See text for details.(Fig. 1, Dobens et al., 2005). The data presented here reveal that
bunched is part of an intricate switch reliant on Notch activation
of slbo to direct alternate FC fates. These observations
contribute to a model in which bunched connects long-range
morphogen cues to short range, cell contact-dependent signal-
ing. Together with recent work on the bunched homologue
GILZ in mammalian cell culture, our data suggest that this
family of proteins is part of a conserved signaling cassette
regulating cell fate decisions, as detailed below.
slbo is required for two distinct FC migrations
In different contexts cells migrate either as integrated sheets,
such as during convergent extension, or as small groups of cells,
such as during neural crest migration (reviewed in Locascio and
Nieto, 2001). During border cell migration from stages 8–10, a
subset of anterior FC transiently loses epithelial polarity,
delaminates and rounds into a small semi-polarized cell cluster
that migrates through the nurse cell complex (Tanentzapf et al.,
2000). In contrast, during centripetal migration from stages 10–tions in the centripetal FC. At stage 9, DPP from the nurse cell FC represses bun
h other's expression to establish the centripetal cell fate. As centripetal migration
other's expression in a signaling cassette that resembles the interaction of C/EBP
228 B. Levine et al. / Developmental Biology 305 (2007) 217–23114 a ring of anterior follicle cells changes shape and squeezes
through the oocyte/nurse cell complex in a process coordinated
with rapid nurse cell dumping. Marker gene expression
indicates that the centripetal FC stretch to cover the anterior
of the oocyte and retain epithelial contacts with the anterior and
posterior nurse cell FC and columnar FC groups, respectively,
throughout this mass cell ingression (Dobens et al., 2000).
While unique genetic pathways likely regulate these distinct cell
migrations (reviewed in Montell, 2003), because both the
border cells and the centripetal FC coordinately migrate through
the germ line cyst and arrive in the same vicinity at the anterior
of the egg, it is unsurprising that common components are
involved in both processes. Non-muscle myosin (zipper,
Edwards and Kiehart, 1996) and DE-cadherin (shotgun,
Niewiadomska et al., 1999) are expressed and required for
migration in both cell types. As well, it has been shown that
slbo itself is required for DE-cadherin accumulation during
both border cell and centripetal FC migrations (Niewiadomska
et al., 1999; Oda et al., 1997), an observation consistent with the
role for slbo function in the centripetal FC that we demonstrate
here. Recently, screens for border cell-specific gene expression
have identified many transcripts expressed in both tissues
(Borghese et al., 2006; Wang et al., 2006).
Comparing the role and regulation of slbo during the
centripetal FC sheet and border cell cluster migrations reveals
both shared and unique requirements. First, weak slbo
mutations, which completely block border cell migration,
have no discernable effect on centripetal FC migration, which
is disrupted only in stronger allelic combinations (Figs. 4C–E).
While early slbo mutant clones reduced DE-cadherin accumu-
lation in the dorsal anterior FC and in the border cells (data not
shown and Niewiadomska et al., 1999), late slbo mutant clones
in the nurse cell FC and centripetal FC were difficult to recover
and properly stage. These clones resulted in several effects on
late stage egg chambers. First, these resulted in increased levels
of DE-cadherin and decreased levels of DLG consistent with
changes in epithelial polarity and adhesion (Figs. 4F–J).
Second, large anterior slbo mutant clones were associated
with a failure of centripetal FC ingression to coordinate with
nurse cell dumping (Figs. 4G,H). We note that slbo mutant
phenotypes are distinct from DE-cadherin shotgun (shg)
mutants, which result in ectopic centripetal migration between
posterior nurse cells (Oda et al., 1997). slbo mutants do
resemble dlg mutant phenotypes associated with defects in FC
shape and epithelial invasiveness (Goode and Perrimon, 1997;
Szafranski and Goode, 2004, 2007). And third, we observed
ectopic slbo-lacZ expression associated with disintegration of
the follicular epithelia (tear shown in 4G) and egg chamber
collapse which are likely connected to defects in epithelial
maintenance (Fig. 5K). Thus previous reports that the strong
slbo allele has no effects on centripetal FC migration (Rorth
et al., 2000) may result from difficulties recovering and staging
these highly aberrant and friable late stage mutant egg
chambers.
The mechanism of slbo regulation in the border cells and
centripetal FC is also distinct. Previously, Rorth et al. (2000)
showed that post-transcriptional regulation of slbo proteinlevels is critical to proper border cell migration but does not
occur in the centripetal FC. Here we show that in both cell
groups, Notch initiates slbo expression and slbo is necessary
and sufficient to repress its own expression as centripetal
migration proceeds. SLBO protein can bind to a DNA sequence
element located near the start site of its own promoter (Rorth
and Montell, 1992), and several matches to the canonical C/
EBP binding site occur as well in the sequence of the slbo2.6
element that is sufficient to mediate autorepression, so this
regulation is likely direct (Levine and Dobens, unpublished
data). Thus slbo adopts two strategies to fine-tune its levels:
post-transcriptional regulation specifically in the border cell
(Rorth et al., 2000) and transcriptional autoregulation in the
both cell groups (shown here).
Notch, bun and slbo act as a bio-switch to establish threshold
FC fates
We have previously shown that DPP establishes the position
of the bun expression boundary (Dobens et al., 2000) in the
anterior FC and this boundary coincides with the posterior edge
of the operculum eggshell structure (Fig. 1). Here we show that
as this boundary forms, slbo and bun expression patterns
initially overlap and subsequently slbo and bun repress each
other's expression to resolve respective expression patterns into
two distinct cell groups (Figs. 2 and 3). Notch signaling plays a
central role in these interactions: Notch activates slbo expres-
sion in the centripetal FC and bun is required to antagonize
Notch activation in posterior cells adjacent to the boundary (Fig.
8A, Dobens et al., 2005).
The position of the boundary is highly sensitive to Notch
activity so that increased Notch signaling leads to increased
slbo2.6 expression both in the centripetal FC and, surprisingly,
in adjacent columnar FC. Ectopic slbo expression in Nintra-
expressing columnar FC at stage 10B (Fig. 7G) is not associated
with changes in FC proliferation (Levine and Dobens,
unpublished results) and thus the spread of Notch activity
likely relies on cell–cell signaling. This may arise either from
(1) Notch activation of slbo expression in a large group of
centripetal FC precursors that is not subsequently down-
regulated to a more narrow domain or (2) a Nintra-dependent
activation of Notch signaling in adjacent columnar FC leading
to cell contact-dependent posterior spread of slbo expression.
We prefer the latter explanation because slbo2.6GAL4 expres-
sion expanded to almost all columnar FC in many egg chambers
(data not shown). In this way the position of the DPP-dependent
cell fate boundary that defines the operculum is quite flexible
(Twombly et al., 1996) but always drawn sharply by Notch
activation.
While several canonical bun and Suppressor of Hairy (Su
(H)) binding sites are located in the slbo2.6 element (Dobens
and Levine, unpublished data) indicating slbo regulation by
bun1 and Notch signaling, respectively, might be direct, several
observations indicate slbo regulation at the boundary by bun is
likely more complex. First, we noted previously (Dobens et al.,
2005) that: (1) high levels of Notch and Notch target gene
expression occur in anterior FC, with slightly reduced levels in
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increased levels of Notch targets occur in all cells of bunmutant
clones at the centripetal FC boundary except those that contact
bun+ cells. Here we observe a parallel relationship between bun
and the Notch target slbo: (1) reduced levels of slbo occur in
cells adjacent to bun-expressing cells in WT egg chambers
(Fig. 2F), and (2) slbo expression occurs in bun mutant clones
located at the centripetal FC boundary, with lower slbo levels
in bun− cells in contact with bun+ cells (Figs. 3G,H). Thus
while bun may repress slbo directly, bun also antagonizes
Notch activation of slbo in a non-cell autonomous manner.
Consistent with this, bun clones removed from the centripetal
FC do not lead to increased slbo expression and bun1 is not
sufficient to block Nintra activation of slbo2.6 in the centripetal
FC (not shown).
Notch modulation of slbo expression may be indirect as
well. Because the Nts; slbo01310/slbo01310 double mutant egg
chambers retain strong slbo-lacZ expression throughout the FC
compared to Nts; slbo01310/+ egg chambers stained in parallel
(Fig. 7C), we hypothesize that Notch blocks SLBO protein's
ability to repress its own expression. In this scenario, which
must be further tested, the rapid reduction in slbo expression as
centripetal migration proceeds results from both (1) decreasing
Notch activation of slbo via Su(Hw) sites in the slbo promoter
and (2) relief of a block on slbo autorepression (Fig. 8).
Consistent with rapid changes in Notch levels in the migrating
centripetal FC, as slbo levels decrease we observe a
corresponding increase in the levels of CUT protein, a key
target of Notch repression in these cells (Levine and Dobens, in
prep.). Because we observe reduced dorsal appendages and
opercula in Nintra-expressing egg chambers, it is likely that
rapid reduction in Notch levels is critical to permit the further
patterning of anterior structures (Fig. 8A).
Dynamic interactions among bun, slbo and Notch signaling
tightly regulate DE-cadherin levels in the centripetal FC. bun
mutant clones lead to increased Notch signaling and DE-
cadherin accumulation and Nintra is sufficient to increase DE-
cadherin levels in the FC (this work and Dobens et al., 2005).
slbo mutant clones lead to loss of DE-cadherin expression
early and ectopic DE-cadherin levels late (this work and
Niewiadomska et al., 1999). Thus a recurring theme is that tight
modulation of DE-cadherin levels is required in the FC at late
oogenesis for epithelial transitions including border cell
migration (Bai et al., 2000), centripetal FC migration and
dorsal appendage elongation (Ward and Berg, 2005; Ward et al.,
2006).
bun and slbo interactions show similarities to a conserved
pathway regulating adipogenesis
Recently, it has been shown that the bun homolog GILZ
antagonizes the ability of C/EBP to activate expression of the
key fat cell master regulator gene PPARγ2 (Peroxisome
Proliferator Activator γ2) in adipogenic mesenchymal stem
cells (Shi et al., 2003). GILZ binds a promoter element required
for C/EBP-mediated activation and recruits HDAC1 (Histone
Deacetylase 1) to repress PPARγ2 expression and promote theosteogenic cell fate. GILZ can also directly bind to C/EBP in
vitro. Shi et al. propose that a balance of GILZ repressor and C/
EBP activator in precursor mesenchymal cells regulates levels
of PPARγ2, the master fat cell regulator (Fig. 8B, right panel).
The similarities between these pathways are striking and we
propose they constitute a conserved signaling cassette required
for cell fate commitment. In support of a role for Notch in both,
it has been shown that Notch signaling promotes adipogenesis
in tissue culture (Garces et al., 1997), although the specific role
of Notch in adipogenesis has been questioned (Nichols et al.,
2004). Targets may be conserved as well: expression of a gene
homologous to PPARγ2 in the centripetal FC has been noted
(Fig. 8B, left panel, Bryant et al., 1999). While a connection
between border cell specification and adipogenesis has been
noted (Liu and Montell, 2001), slbo has no role in fly fat body
formation (An and Wensink, 1995). However, we have detected
bun expression during fat body formation (Dobens and Levine,
unpublished) suggesting that portions of this fly signaling
cassette may operate in a general pathway required for storage
cell differentiation.
Acknowledgments
We thank Pernille Rorth for generously providing key fly
strains necessary for this work. We thank Jeffrey Price, Erika
Geisbrecht, members of the Dobens lab and several
anonymous reviewers for very helpful comments on the
manuscript. DCAD2, DLG and ARM antisera were obtained
from the Developmental Studies Hybridoma Bank developed
under the auspices of the NICHD and maintained by The
University of Iowa. This work was supported by a research
grant from the National Science Foundation (RPG-00251-01-
DDC). Support from the University of Missouri Research
Board was used to conduct the primary screen of the EP
collection from which slbo was identified (see supplemental
data).
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ydbio.2007.02.013.
References
An, W., Wensink, P.C., 1995. Integrating sex- and tissue-specific regulation
within a single Drosophila enhancer. Genes Dev. 9, 256–266.
Artavanis-Tsakonas, S., Rand, M.D., Lake, R.J., 1999. Notch signaling: cell fate
control and signal integration in development. Science 284, 770–776.
Ashe, H.L., Briscoe, J., 2006. The interpretation of morphogen gradients.
Development 133, 385–394.
Asselin-Labat, M.L., David, M., Biola-Vidamment, A., Lecoeuche, D., Zennaro,
M.C., Bertoglio, J., Pallardy, M., 2004. GILZ, a new target for the
transcription factor FoxO3, protects T lymphocytes from interleukin-2
withdrawal-induced apoptosis. Blood 104, 215–223.
Ayroldi, E., Migliorati, G., Bruscoli, S., Marchetti, C., Zollo, O., Cannarile, L.,
D'Adamio, F., Riccardi, C., 2001. Modulation of T-cell activation by the
glucocorticoid-induced leucine zipper factor via inhibition of nuclear factor
kappaB. Blood 98, 743–753.
Ayroldi, E., Zollo, O., Macchiarulo, A., Di Marco, B., Marchetti, C., Riccardi,
C., 2002. Glucocorticoid-induced leucine zipper inhibits the Raf-
230 B. Levine et al. / Developmental Biology 305 (2007) 217–231extracellular signal-regulated kinase pathway by binding to Raf-1. Mol.
Cell. Biol. 22, 7929–7941.
Bai, J., Uehara, Y., Montell, D.J., 2000. Regulation of invasive cell behavior by
taiman, a Drosophila protein related to AIB1, a steroid receptor coactivator
amplified in breast cancer. Cell 103, 1047–1058.
Bender, L.B., Kooh, P.J., Muskavitch, M.A., 1993. Complex function and
expression of Delta during Drosophila oogenesis. Genetics 133, 967–978.
Berg, C.A., 2005. The Drosophila shell game: patterning genes and
morphological change. Trends Genet. 21, 346–355.
Borghese, L., Fletcher, G., Mathieu, J., Atzberger, A., Eades, W.C., Cagan, R.L.,
Rorth, P., 2006. Systematic analysis of the transcriptional switch inducing
migration of border cells. Dev. Cell 10, 497–508 (see comment).
Bryant, Z., Subrahmanyan, L., Tworoger, M., LaTray, L., Liu, C.R., Li, M.J.,
van den Engh, G., Ruohola-Baker, H., 1999. Characterization of
differentially expressed genes in purified Drosophila follicle cells: toward
a general strategy for cell type-specific developmental analysis. Proc. Natl.
Acad. Sci. U. S. A. 96, 5559–5564.
Cavaliere, V., Spano, S., Andrenacci, D., Cortesi, L., Gargiulo, G., 1997.
Regulatory elements in the promoter of the vitelline membrane gene VM32E
of Drosophila melanogaster direct gene expression in distinct domains of
the follicular epithelium. Mol. Gen. Genet. 254, 231–237.
D'Adamio, F., Zollo, O., Moraca, R., Ayroldi, E., Bruscoli, S., Bartoli, A.,
Cannarile, L., Migliorati, G., Riccardi, C., 1997. A new dexamethasone-
induced gene of the leucine zipper family protects T lymphocytes from TCR/
CD3-activated cell death. Immunity 7, 803–812.
Dobens, L., Hsu, T., Twombly, V., Gelbart, W., Raftery, L., Kafatos, F., 1997.
The Drosophila bunched gene is a homologue of the growth factor
stimulated mammalian TSC-22 sequence and is required during oogenesis.
Mech. Dev. 65, 197–208.
Dobens, L., Petersen, J., Treisman, J., Raftery, L., 2000. Drosophila bunched
integrates opposing DPP and EGF signals to set the operculum boundary.
Development 127, 745–754.
Dobens, L., Jaeger, A., Peterson, J.S., Raftery, L.A., 2005. bunched sets a
boundary for Notch signaling to pattern anterior eggshell structures during
Drosophila oogenesis. Dev. Biol. 287, 425–437.
Dohrmann, C.E., Belaoussoff, M., Raftery, L.A., 1999. Dynamic expression of
TSC-22 at sites of epithelial–mesenchymal interactions during mouse
development. Mech. Dev. 84, 147–151.
Edwards, K., Kiehart, D., 1996. Drosophila non-muscle myosin II has multiple
essential roles in imaginal disc and egg chamber morphogenesis.
Development 122, 1499–1511.
Garces, C., Ruiz-Hidalgo, M.J., de Mora, J.F., Park, C., Miele, L., Goldstein, J.,
Bonvini, E., Porras, A., Laborda, J., 1997. Notch-1 controls the expression
of fatty acid-activated transcription factors and is required for adipogenesis.
J. Biol. Chem. 272, 29729–29734.
Garcia-Bellido, A., Ripoll, P., Morata, G., 1973. Developmental compart-
mentalisation of the wing disk of Drosophila. Nat. New Biol. 245,
251–253.
Garcia-Bellido, A., Ripoll, P., Morata, G., 1976. Developmental compartmen-
talization in the dorsal mesothoracic disc of Drosophila. Dev. Biol. 48,
132–147.
Goode, S., Perrimon, N., 1997. Inhibition of patterned cell shape change and cell
invasion by discs large during Drosophila oogenesis. Genes Dev. 11,
2432–2444.
Goode, S., Wei, J., Kishore, S., 2005. Novel spatiotemporal patterns of epithelial
tumor invasion in Drosophila discs large egg chambers. Dev. Dyn. 232,
855–864.
Gupta, R., Sarraf, P., Brockman, J., Shappell, S., Raftery, L., Willson, T.,
DuBois, R., 2003. Peroxisome proliferator-activated receptor gamma and
transforming growth factor-beta pathways inhibit intestinal epithelial cell
growth by regulating levels of TSC-22. J. Biol. Chem. 278, 7431–7438.
Hamil, K.G., Hall, S.H., 1994. Cloning of rat Sertoli cell follicle-stimulating
hormone primary response complementary deoxyribonucleic acid: regula-
tion of TSC-22 gene expression. Endocrinology 134, 1205–1212.
Hashiguchi, A., Okabayashi, K., Asashima, M., 2004. Role of TSC-22 during
early embryogenesis in Xenopus laevis. Dev. Growth Differ. 46, 535–544.
Irvine, K.D., Rauskolb, C., 2001. Boundaries in development: formation and
function. Annu. Rev. Cell Dev. Biol. 17, 189–214.Irvine, K.D., Wieschaus, E., 1994. fringe, a Boundary-specific signaling
molecule, mediates interactions between dorsal and ventral cells during
Drosophila wing development. Cell 79, 595–606.
Ito, K., Awano, W., Suzuki, K., Hiromi, Y., Yamamoto, D., 1997. The
Drosophila mushroom body is a quadruple structure of clonal units each of
which contains a virtually identical set of neurones and glial cells.
Development 124, 761–771.
Kania, A., Salzberg, A., Bhat, M., D'Evelyn, D., He, Y., Kiss, I., Bellen, H.J.,
1995. P-element mutations affecting embryonic peripheral nervous system
development in Drosophila melanogaster. Genetics 139, 1663–1678.
Kester, H.A., van der Leede, B.M., van der Saag, P.T., van der Burg, B., 1997.
Novel progesterone target genes identified by an improved differential
display technique suggest that progestin-induced growth inhibition of breast
cancer cells coincides with enhancement of differentiation. J. Biol. Chem.
272, 16637–16643.
Kester, H.A., Ward-van Oostwaard, T.M., Goumans, M.J., van Rooijen, M.A.,
van Der Saag, P.T., van Der Burg, B., Mummery, C.L., 2000. Expression of
TGF-beta stimulated clone-22 (TSC-22) in mouse development and TGF-
beta signalling. Dev. Dyn. 218, 563–572.
Lawrence, P.A., Struhl, G., 1996. Morphogens, compartments, and pattern:
lessons from Drosophila? Cell 85, 951–961.
Lieber, T., Kidd, S., Young, M.W., 2002. Kuzbanian-mediated cleavage of
Drosophila Notch. Genes Dev. 16, 209–221.
Liu, Y., Montell, D.J., 2001. Jing: a downstream target of slbo required for
developmental control of border cell migration. Development 128, 321–330.
Locascio, A., Nieto, M.A., 2001. Cell movements during vertebrate develop-
ment: integrated tissue behaviour versus individual cell migration. Curr.
Opin. Genet. Dev. 11, 464–469.
Lopez-Schier, H., St Johnston, D., 2001. Delta signaling from the germ line
controls the proliferation and differentiation of the somatic follicle cells
during Drosophila oogenesis. Genes Dev. 15, 1393–1405.
Major, R.J., Irvine, K.D., 2005. Influence of Notch on dorsoventral
compartmentalization and actin organization in the Drosophila wing.
Development 132, 3823–3833.
McNeill, H., 2000. Sticking together and sorting things out: adhesion as a force
in development. Nat. Rev., Genet. 1, 100–108.
McNeill, H., Yang, C.H., Brodsky, M., Ungos, J., Simon, M.A., 1997. mirror
encodes a novel PBX-class homeoprotein that functions in the definition of
the dorsal–ventral border in the Drosophila eye. Genes Dev. 11, 1073–1082.
Mittelstadt, P.R., Ashwell, J.D., 2001. Inhibition of AP-1 by the glucocorticoid-
inducible protein GILZ. J. Biol. Chem. 276, 29603–29610.
Mollereau, B., Wernet, M.F., Beaufils, P., Killian, D., Pichaud, F., Kuhnlein, R.,
Desplan, C., 2000. A green fluorescent protein enhancer trap screen in
Drosophila photoreceptor cells. Mech. Dev. 93, 151–160.
Montell, D.J., 2003. Border-cell migration: the race is on. Nat. Rev., Mol. Cell
Biol. 4, 13–24.
Montell, D.J., Rorth, P., Spradling, A.C., 1992. slow border cells, a locus
required for a developmentally regulated cell migration during oogenesis,
encodes Drosophila C/EBP. Cell 71, 51–62.
Morata, G., Lawrence, P.A., 1975. Control of compartment development by the
engrailed gene in Drosophila. Nature 255, 614–617.
Nichols, A.M., Pan, Y., Herreman, A., Hadland, B.K., De Strooper, B., Kopan,
R., Huppert, S.S., 2004. Notch pathway is dispensable for adipocyte
specification. Genesis 40, 40–44.
Niewiadomska, P., Godt, D., Tepass, U., 1999. DE-Cadherin is required for
intercellular motility during Drosophila oogenesis. J. Cell Biol. 144,
533–547.
O'Connor, M., Umulis, D., Othmer, O., Blair, S., 2006. Shaping BMP
morphogen gradients in the Drosophila embryo and pupal wing. Develop-
ment 133, 183–193 (dob).
Oda, H., Uemura, T., Shiomi, K., Nagafuchi, A., Tsokita, S., Takeichi, M., 1993.
Identification of a Drosophila homolog of cadherin associated with
Armadillo and essential for embryonic cell–cell adhesion. Dev. Biol. 165,
716–726.
Oda, H., Uemura, T., Takeichi, M., 1997. Phenotypic analysis of null mutants for
DE-cadherin and armadillo in Drosophila ovaries reveals distinct aspects of
their functions in cell adhesion and cytoskeletal organization. Genes Cells 2,
29–40.
231B. Levine et al. / Developmental Biology 305 (2007) 217–231Ohta, S., Yanagihara, K., Nagata, K., 1997. Mechanism of apoptotic cell death
of human gastric carcinoma cells mediated by transforming growth factor β.
Biochem. J. 324, 777–782.
Pan, D., Rubin, G.M., 1997. Kuzbanian controls proteolytic processing of Notch
and mediates lateral inhibition during Drosophila and vertebrate neurogen-
esis. Cell 90, 271–280.
Parnas, D., Haghighi, A.P., Fetter, R.D., Kim, S.W., Goodman, C.S., 2001.
Regulation of postsynaptic structure and protein localization by the Rho-
type guanine nucleotide exchange factor dPix. Neuron 32, 415–424.
Pignoni, F., Zipursky, S.L., 1997. Induction of Drosophila eye development by
Decapentaplegic. Development 124, 271–278.
Poodry, C.A., 1990. shibire, a neurogenic mutant of Drosophila. Dev. Biol. 138,
464–472.
Rae, F.K., Stephenson, S.A., Nicol, D.L., Clements, J.A., 2000. Novel
association of a diverse range of genes with renal cell carcinoma as
identified by differential display. Int. J. Cancer 88, 726–732.
Rebay, I., Fehon, R.G., Artavanis-Tsakonas, S., 1993. Specific truncations of
Drosophila Notch define dominant activated and dominant negative forms
of the receptor. Cell 74, 319–329.
Riccardi, C., Bruscoli, S., Ayroldi, E., Agostini, M., Migliorati, G., 2001. GILZ,
a glucocorticoid hormone induced gene, modulates T lymphocytes
activation and death through interaction with NF-kB. Adv. Exp. Med.
Biol. 495, 31–39.
Riggleman, B., Schedl, P., Wieschaus, E., 1990. Spatial expression of the
Drosophila segment polarity gene armadillo is posttranscriptionally
regulated by wingless. Cell 63, 549–560.
Rorth, P., 1994. Specification of C/EBP function during Drosophila develop-
ment by the bZIP basic region. Science 266, 1878–1881.
Rorth, P.,Montell, D.J., 1992. Drosophila C/EBP: a tissue-specific DNA-binding
protein required for embryonic development. Genes Dev. 6, 2299–2311.
Rorth, P., Szabo, K., Bailey, A., Laverty, T., Rehm, J., Rubin, G.M., Weigmann,
K., Milan, M., Benes, V., Ansorge, W., Cohen, S.M., 1998. Systematic gain-
of-function genetics in Drosophila. Development 125, 1049–1057.
Rorth, P., Szabo, K., Texido, G., 2000. The level of C/EBP protein is critical for
cell migration during Drosophila oogenesis and is tightly controlled by
regulated degradation. Mol. Cell. Biol. 6, 23–30.
Schweisguth, F., 2004. Regulation of Notch signaling activity. Curr. Biol. 14,
R129–R138.
Seugnet, L., Simpson, P., Haenlin, M., 1997. Requirement for dynamin during
Notch signaling in Drosophila neurogenesis. Dev. Biol. 192, 585–598.
Shi, X., Shi, W., Li, Q., Song, B., Wan, M., Bai, S., Cao, X., 2003. A
glucocorticoid-induced leucine-zipper protein, GILZ, inhibits adipogenesis
of mesenchymal cells. EMBO Rep. 4, 374–380.
Shibanuma, M., Kuroki, T., Nose, K., 1992. Isolation of a gene encoding a
putative leucine zipper structure that is induced by transforming growth
factor β1 and other growth factors. J. Cell Biol. 267, 10219–10224.Shibanuma, M., Mashimo, J., Mita, A., Kuroki, T., Nose, K., 1993. Cloning
from a mouse osteoblastic cell line of a set of transforming-growth-factor-
beta 1-regulated genes, one of which seems to encode a follistatin-related
polypeptide. Eur. J. Biochem. 217, 13–19.
Shostak, K.O., Dmitrenko, V.V., Garifulin, O.M., Rozumenko, V.D., Khomenko,
O.V., Zozulya, Y.A., Zehetner, G., Kavsan, V.M., 2003. Downregulation of
putative tumor suppressor gene TSC-22 in human brain tumors. J. Surg.
Oncol. 82, 57–64.
Spradling, A.C., Stern, D., Beaton, A., Rhem, E.J., Laverty, T., Mozden, N.,
Misra, S., Rubin, G.M., 1999. The Berkeley Drosophila Genome Project
gene disruption project: Single P-element insertions mutating 25% of vital
Drosophila genes. Genetics 153, 135–177.
Suh, J.M., Gao, X., McKay, J., McKay, R., Salo, Z., Graff, J.M., 2006.
Hedgehog signaling plays a conserved role in inhibiting fat formation. Cell
Metab. 1, 25–34.
Szafranski, P., Goode, S., 2004. A Fasciclin 2 morphogenetic switch or-
ganizes epithelial cell cluster polarity and motility. Development 131,
2023–2036.
Szafranski, P., Goode, S., 2007. Basolateral junctions are sufficient to suppress
epithelial invasion during Drosophila oogenesis. Dev. Dyn. 236, 364–373.
Tanentzapf, G., Smith, C., McGlade, J., Tepass, U., 2000. Apical, lateral, and
basal polarization cues contribute to the development of the follicular
epithelium during Drosophila oogenesis. J. Cell Biol. 151, 891–904.
Treisman, J.E., Lai, Z.-C., Rubin, G.M., 1995. shortsighted acts in the deca-
pentaplegic pathway in Drosophila eye development and has homology to a
mouse TGF-β-responsive gene. Development 121, 2835–2845.
Twombly, V., Blackman, R.K., Jin, H., Padgett, R.W., Gelbart, W.M., 1996. The
TGF-β signaling pathway is required in Drosophila oogenesis. Develop-
ment 122, 1555–1565.
Wang, X., Bo, J., Bridges, T., Dugan, K.D., Pan, T.C., Chodosh, L.A., Montell,
D.J., 2006. Analysis of cell migration using whole-genome expression
profiling of migratory cells in the Drosophila ovary. Dev. Cell 10, 483–495
(see comment).
Ward, E.J., Berg, C.A., 2005. Juxtaposition between two cell types is necessary
for dorsal appendage tube formation. Mech. Dev. 122, 241–255.
Ward, E.J., Zhou, X., Riddiford, L.M., Berg, C., Ruohola-Baker, H., 2006.
Border of Notch activity establishes a boundary between the two dorsal
appendage tube cell types. Dev. Biol. 297, 461–470.
Wolpert, L., 2003. Cell boundaries: knowing who to mix with and what to shout
or whisper. Development 130, 4497–4500.
Xu, T., Caron, L.A., Fehon, R.G., Artavanis-Tsakonis, S., 1992. The
involvement of the Notch locus in Drosophila oogenesis. Development
115, 913–922.
Zhao, D., Woolner, S., Bownes, M., 2000. The Mirror transcription factor links
signalling pathways in Drosophila oogenesis. Dev. Genes Evol. 210,
449–457.
